Bulk nanocrystalline nickel dispersed homogenously with nano-scale hard WO 3 particles has been successfully synthesized by a novel synthesis using electrodeposition. In this synthesis, ionized WO 4 2-molecules in an electrolyte were transformed into WO 3 particles and embedded into a nanocrystalline nickel matrix during electrodeposition by controlling the pH and potential of the electrode. The effect of the presence of nano-size oxide dispersions on the strength and thermal stability of nanocrystalline structures was demonstrated. This is indeed a new class of bulk nanocrystalline metals in that nano-scale second-phase particles are not reactive precipitate from the solute-supersaturated matrix, but are stable oxide particles resistant to the so-called Ostwald ripening. In this regard, future optimization of this synthesis have potential to realize nanocrystalline metals with record-high strength and thermal stability, superior to their precipitates-or solutes-stabilized counterparts.
Introduction
Bulk nanocrystalline metallic materials have great strength and are promising materials for future structural applications. The possibility of additionally strengthening and enhancing the thermal stability of nanocrystalline metals by fine dispersions or precipitation is of increasing interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . For example, additive strengthening by Orowan-type dislocation-particle interaction and the Hall-Petch effect in nanocrystalline materials have been discussed [1] . Particle dispersions or precipitates to pin grain boundaries are common kinetic approaches to stabilizing structures. According to classical Zener drag theory, the stabilized grain size, d, is given by d = 0.66φ/f , where φ is the particle size, and f is the volume fraction [11] . This means that very fine particles of about 4 nanometers are required to disperse homogeneously in order to stabilize nanocrystalline structures with a grain size of 50 nm (if the volume fraction f is 0.05). Such finely dispersed nanocrystalline metals have been very difficult to synthesize or fabricate by conventional methods. Solutesupersaturated ultrafine-grained aluminum alloys fabricated by severe plastic deformation, such as ECAP, have been stabilized by subsequent aging treatment where fine precipitates pin the grain boundaries [12, 13] . However, one cannot avoid Ostwald ripening of the precipitate and a certain amount of grain growth during the ageing treatment. In the consolidation of mixed powders by mechanical alloying or ball-milling, fine particles tend to aggregate during the mixing process [14, 15] . This trend becomes stronger with decreasing powder size due to the greater surface energy. Another method of synthesizing bulk nanocrystalline metals is electrodeposition, which is, from a synthesis point of view, one of the oldest methods used to produce nanostructured materials [16, 17] . Nanocrystalline metals dispersed with hard particles have generally been plated using an electrolyte with suspended hard particles such as SiC [18] , Al 2 O 3 [19] , TiO 2 [20] , and SiO 2 [21] . Similarly, particle size has been limited to dimensions larger than several microns in order to avoid particle agglomeration during the synthesizing.
During an effort to synthesize nanocrystalline nickel with very fine dispersed particles, the authors discovered that WO3 particles suspended in an electrolyte were fragmented into finer particles accompanying phase transition from a monoclinic to a tetragonal structure during electrodeposition [22, 23] . The phenomenon has been successfully applied to synthesize bulk nanocrystalline metals with dispersed nano-size particles. However, the agglomeration could not be completely avoided, and the effect of nano-scale WO 3 particles on the further strengthening and thermal stability of the nanocrystalline matrix was limited.
In the current study, a novel new approach is proposed, wherein ionized WO 4 2-molecules were oxidized into nano-scale WO 3 particles, and then embedded homogeneously in nanocrystalline Ni during electrochemical reaction. If a new class of bulk nanocrystalline metals dispersed with stable nano-scale oxide particles having a size smaller than grain size could be obtained, it may have higher strength and thermal stability than the so-called heat-hardened nanocrystalline materials with reactive precipitates, since oxide particles have higher resistance to Ostwald ripening. In this study, the possibility of further strengthening and stabilizing structures by nano-size particles in a nanocrystalline regime was examined.
Experimental Electrodeposition
Dispersed nanocrystalline nickel was plated by electrodeposition in a solution with a chemical composition as is shown in Table 1 . Na 2 WO 4 is considered to be electrolyzed into Na + and WO 4 2-in the solution. It was added to supply ionized WO 4 2-to the maximum of 20 g/l, and was intended to transform into WO 3 by a chemical reaction, as will be discussed later. Deposition was carried out using a DC plating power supply (Matsusada, PLE36-3) at a bath temperature of 50°C under a potential of -0.2 VSHE. pH was controlled between 4 and 5. During deposition, the plating bath was stirred by a magnetic stirrer with a rotation speed of 360 rpm. A rectangular AISI304 and IJMME, an open access journal ISSN: 2455-2372
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nickel plates with an area of 30 cm 2 were used as the cathode and anode electrodes, respectively. The depositions were carried out with a current density of 150 mA/cm 2 for three hours in order for the final thickness of the deposits to be approximately 0.1 mm.
Characterization
Microstructures of the deposits were examined by transmission electron microscopy of a field-emission type, equipped with energy dispersion spectroscopy (FE-TEM with EDS, JEOL JSM 2100F). Samples were prepared for TEM by electropolishing with a solution of CH 3 OH (75 %), CH 3 COOH (15 %) and HClO 4 (10 %) at -30°C at a voltage of 15 V, using a Struers Tenupol-5 electropolishing apparatus. X-ray diffraction (XRD) analysis was performed on a Rigaku RINT2500 X-ray diffractometer using Co-Kα radiation. Microhardness was measured by a Vickers microindenter (Shimadzu HMV) on a cross section of the deposits, using a load of 980 mN applied for 20 s. Figure 2c . Most importantly, very fine dispersions, comparable with the grain size of nickel matrix on the order of several nanometers, were recognized as shown in Figure 2c . One of the activated areas marked in the figure was observed by bright-field image in higher magnification as shown in Figure 2d , which indicates that the activated area is a single particle, not a grain or part of a particle. A nano-size dispersion inside a grain shown in the brightfield image (Figure 2a ) has W and O elements, as indicated by EDS spot analysis equipped with FE-TEM (Figure 3a) . This corroborates the facts that these particles are indeed tungsten oxide. On the other hand, those two elements were not detected in the matrix, indicating that they are not in a state of solid-solution. From several TEM observations, the average particles size was estimated to be 16 nm. The crystal structure of WO 3 could not be identified by XRD because the volume fraction and particle size were not large enough for XRD to detect them. WO 3 is known to take on many polymorphs and take several crystal structures. According to Boulova and Lucazeau [24] , monoclinic or orthorhombic WO 3 particles transform into tetragonal structures when exposed to temperatures above 700K, when the particle size is 16 nm. During electrodeposition, it is possible that the plate of the surface rises above this temperature locally by the discharge of electricity. In our previous study [22, 23] , original WO 3 particles suspended in the electrolyte were monoclinic, but were identified as tetragonal structures in the electrodeposits by XRD and TEM.
Results and Discussion

Mechanism of WO 3 precipitation
According to the W-H 2 O diagram shown in Figure 4 , electrolyzed WO 4 2-ion is stable at the plating potential of -0.2 VSHE at a pH value In Figure 4 , the value with the vertical dotted lines indicates the activity of WO 4 2-, X, as expressed by:
log X = -14.05 + 2pH
In the present experiment, pH=4.7 gives X =10 -4.6 = 2.2×10 
Effect of dispersions on hardness of nanocrystalline Ni
Vickers hardness is plotted as a function of tungsten contents as shown in Figure 5 . The hardness increased linearly with tungsten contents. This hardening is apparently caused by the presence of WO 3 particles. The data synthesized in the electrolyte of W=3 g/l are plotted as a function of grain size, as shown in Figure 6 . Data of pure electrodeposited nanocrystalline Ni reported by El-Sherik [25] data for pure Ni and Ni-WO3. The other plots with larger grain sizes were obtained by the subsequent annealing aiming for grain growth, as will be discussed in the next section. According to our data, the hardness of Ni-WO3 with an average grain size of 16 nm is approximately 680. In view of a possible change in the dominant deformation mechanism from conventional dislocation slip to deformation mediated by grain boundaries, additional hardening by WO 3 particles is of interest. Thus, as was performed in the previous report [22] , the result was compared with the theoretical strengthening by classical dislocation-pinning. According to the Orowan dislocation bowing model [26] , yield stress σOR can be described as:
where m is the Taylor factor, G is the shear modulus of nickel matrix (75 GPa), b is the magnitude of the Burgers vector (2.49 Å for nickel), λ is the average particle center-to-center distance, and φ is the particle diameter [1] . Since the hardness H(MPa) is related to the tensile yield stress by H=3σy, the increase in hardness, ΔH, which is related with the Orowan mechanism, can be rewritten as ΔHOR=3σOR. If one supposes that all of W analyzed by ICP, namely 3.0 mass %, is in the form of WO3, the volume fraction of WO3, f will be about 4.7 %. Mean inter-particle spacing λ is given by λ= (4π/3f )1/3 φ/ 2. Βy substituting φ =17 nm in the equation, λ = 28 nm, which is not very different from the TEM observation. Supposing that grain orientations are random (m=3), the hardness increase will be ΔH OR =330 HV, which is higher than the experimental result (ΔH~80 HV). The discrepancy may be due to several factors. The most important one is that as the grain size falls below around 50 nm, a variety of other deformation mechanisms can operate. Grain boundaries play a more dominant role in plastic deformation, acting as the source or sink of dislocations [27] [28] [29] [30] [31] , or grain boundary siding by enhanced Coble diffusion [32] [33] [34] [35] . Such a shift of deformation mode is in many cases reflected in the reduced slope of the Hall-Petch relationship, as is also shown in Figure 6 , for pure nanocrystalline nickel with a grain size ranging from 20 to 50 nm [25] . The less dominant role of conventional dislocation slip may be the cause of less hardening than that predicted by Orowan theory. The second cause of the discrepancy is that the average particle size is comparable with the grain size of Ni matrix. Therefore, the density of particles inside the Ni grain is essentially less than that predicted above. The factor that controls particle size in the electrodeposition is still unknown, but if one can make it smaller than the matrix grain size, higher strength could be expected. A further study is now being undertaken.
Thermal stability
Vickers hardness and average grain size as a function of the heating temperature of post-electrodeposition annealing is shown in Figure  7 . Pure nanocrystalline nickel started to decrease drastically at a temperature higher than 200°C, while Ni-WO3 did so at temperatures higher than 300°C, almost 100°C higher than pure Ni electrodeposit. Correspondingly, grain size started to grow at 200°C and 300°C in pure Ni and Ni-WO3, respectively. WO3 is a very stable particle, and is hard to grow during aging treatment. This fine and stable particle is expected to pin grain boundaries by Zener pinning effect for a much longer time than that in the other age-hardenable alloys, such as AlCu systems. The stabilized grain size, namely, the Zener limit, Dz is expressed by Where, f is the volume fraction of the particles, r is the diameter of the particles and is equal to φ/2. Supposing that all the W atoms in the matrix are in the form of WO3, and r is 8 nm, then Dz = 210 nm. After annealing for 40 minutes at 500°C, the average grain size was about 130 nm, which is not far from the Zener limit. The pinning effect is more apparent when one examines the change in hardness after the various heating times. The results at 300°C are shown in Figure 8 . Hardness decreased in less than 20 minutes in pure nanocrystalline Ni, and its thermal stability was lower than that of nanocrystalline Ni-WO3, where both were relatively constant for at least 100 minutes.
Conclusion
A nanocrystalline nickel plate dispersed with nano-size WO3 particles on the order of 10 nm was synthesized by electrodeposition, where electrolyzed WO4 2-were transformed to WO3 particles by pH and potential control, and embedded into a nanocrystalline electrodeposited Ni matrix. Further hardening was confirmed in comparison with nanocrystalline pure nickel having the same grain size, but its increment was less than that predicted by classical Orowan-type hardening theory of particle-dislocation interaction. The discrepancy may be associated with the comparable size of grain and particles, and a different dominant deformation mode which operates in a nanocrystalline regime. Enhanced thermal stability was also demonstrated. Further study is being undertaken to improve the current synthesis for higher strength and thermal stability.
